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The MINERνA experiment investigates neutrino interactions with nucleons needed for an under-
standing of electroweak interactions of hadrons. Since nuclear targets are being used many-body
effects may affect the extracted cross sections and the energy reconstruction. The latter is essen-
tial for the extraction of neutrino oscillation properties. We investigate the influence of nuclear
effects on neutrino interaction cross sections and make predictions for charged current quasielastic
(QE) scattering, nucleon-knock-out and pion- and kaon-production on a CH target. The Giessen
Boltzmann–Uehling–Uhlenbeck (GiBUU) model is used for the description of neutrino-nucleus re-
actions. Integrated and differential cross sections for inclusive neutrino scattering, QE processes
and particle production for the MINERνA neutrino flux are calculated. The influence of final state
interactions on the identification of these processes is discussed. In particular, energy and Q2 recon-
struction for the MINERνA flux are critically examined. The Q2 dependence of the inclusive cross
sections is found to be sensitive to the energy reconstruction. Cut-offs in flux distributions have a
large effect. Final state interactions affect the pion kinetic energy spectra significantly and increase
the kaon cross sections by cross feeding from other channels.
I. INTRODUCTION
Neutrino cross sections and nuclear effects can lead to
systematic uncertainties in the extraction of neutrino os-
cillation parameters. The MINERνA experiment, there-
fore, aims to investigate both of these in a neutrino beam
whose flux is similar to that of the planned Long Baseline
Neutrino Experiment (LBNE). Precision measurements
of the differential cross sections for quasielastic scattering
(QE) and single- and multi-pion production, as a function
of (reconstructed) neutrino energy, are expected to re-
duce uncertainties in the tuning of generators [1]. These
are ultimately needed to extract the oscillation parame-
ters from the measured event distributions. In addition,
also studies of neutrino-induced ∆S = 0 strangeness pro-
duction are planned [2]. First results from MINERνA
∗ Contact e-mail: mosel@physik.uni-giessen.de
have recently been published [3, 4].
Over the last few years valuable insight into the
neutrino-nucleus interactions has been obtained mainly
from the MiniBooNE experiment which has reported
cross sections for QE-like events, for reconstructed
QE events [5], for inclusive cross sections [6], double-
differential in the outgoing muon variables, and for pion
production [7, 8]. It came as a surprise that the cross sec-
tion originally identified as quasielastic contains a ≈ 30%
contribution from so-called 2p-2h events in which the in-
coming neutrino couples to two nucleons [9–13].
The original misidentification has led to incorrect cross
section determinations and to the extraction of incorrect
physical parameters (in this case the axial mass) by tun-
ing the generators. It also has far reaching consequences
for the energy reconstruction. This has been discussed in
recent Refs. [14–18] for the MiniBooNE experiment. In
[15, 17] the influence of the errors inherent in the recon-
2struction procedure on the oscillation signal observed in
T2K was discussed (see also [19–21]).
For the MINERνA flux with its higher energies equally
important is the process of pion production through reso-
nance excitations or deep inelastic scattering (DIS). Here
the MiniBooNE data have created a new puzzle: the cal-
culated integrated cross sections for single pion produc-
tion are overall, but mainly at the higher neutrino ener-
gies, somewhat smaller than the measured ones. This is
so even when the larger elementary data from an old BNL
experiment are used (for a discussion see [22]). Further-
more, the calculated pion momentum-spectra exhibit a
distinct dip for momenta corresponding to the excitation
of the ∆ resonance, as a consequence of pion reabsorption
through this resonance [22, 23]; this dip is not present in
the published data [7, 8]. Any new data on pion produc-
tion from the MINERνA experiment could thus help to
clarify the reasons for these problems.
In [24] we have published the results of extensive cal-
culations of QE scattering and particle production cross
sections for the MINOS and NOνA experiments for Iron
(Fe) and Carbon (C) targets, respectively. As an ad-
dendum to that work we present here now results for
the MINERνA experiment, using its flux and a CH tar-
get. The main aim of this study is to shine some light
on energy- and Q2 reconstruction in the higher energy
regime of the MINERνA experiment and to make predic-
tions for nucleon-knockout, pion- and kaon-production.
II. METHOD
We use the transport model GiBUU to model both
the initial and the final state interactions [25, 26]. This
model has been widely used and tested in very different
physics scenarios, ranging from a description of heavy-
ion reactions to photon-, electron- and neutrino-induced
reactions. It combines the initial reaction mechanisms
true QE scattering, 2p-2h excitations and pion (and other
meson) production through resonances, background pro-
cesses and deep inelastic scattering (DIS) with an exten-
sively tested description of final state interactions [25].
The nucleons move in a location- and momentum-
dependent potential well; their spectral function is that
of a bound, local Fermi-gas. The description of QE scat-
tering uses an axial mass MA = 1 GeV. Pion produc-
tion is in its vector interaction part consistent with the
MAID analysis for electron scattering [27] for nucleon
resonances up to an invariant mass of about 2 GeV. The
axial part is constrained by effective field theory at least
in its low-energytransfer region [28] and by PCAC, as-
suming dipole form factors, for the higher lying nucleon
resonances; the coupling strength to the ∆ is obtained
from fitting to the BNL data [29]. DIS is treated via the
high-energy hadronization model PYTHIA [30]. No pa-
rameters in GiBUU are tuned to nuclear neutrino data,
with one exception: the strength of the genuine two-body
contribution of the elementary 2p-2h hadron tensor. We
note here first that final state 2p-2h contributions of the
type N + N → N + N or ∆ + N → N + N are ex-
plicitly included in the GiBUU transport. The extra
two-body current contribution to the 2p-2h excitation
for N + N → N + N is modeled to be purely trans-
verse, with a Q2 dependent dipole form factor with a
cut-off parameter of Λ = 1.5 GeV; the nuclear contribu-
tion of this term is in addition affected by nuclear bind-
ing, Fermi-motion, Pauli-blocking and final state inter-
actions (fsi) of the two nucleons1. Its strength is fitted
to the semi-inclusive MiniBooNE double-differential no-
pion data [31] and as such contains both the effects of
2p-2h excitations and of RPA correlations known to be
essential at small Q2. For all further details we refer to
[24–26, 31].
All calculations are done for a CH target using the
MINERνA flux for the energy window from 1.5 to 10
GeV [32]; the latter corresponds to that used in the ex-
perimental analysis.
1 This 2p-2h contribution was not present in the results presented
earlier for the MINOS and NOνA experiments [24].
3III. RESULTS
A. Energy and Q2 Reconstruction
In [3] the MINERνA collaboration has published an
analysis of QE scattering cross sections as a function of
Q2 and has compared that to predictions of event genera-
tors using various recipes for the approximate treatment
of 2p-2h interactions. Since Q2 cannot directly be mea-
sured, it has been reconstructed from the kinematical
variables of the outgoing muon using the following two
equations
Erecν =
2(Mn − EB)Eµ − (E
2
B − 2MnEB +m
2
µ +∆M
2)
2(Mn − EB − Eµ + |~kµ| cos θµ)
Q2rec = 2E
rec
ν (Eµ − |
~kµ| cos θµ)−m
2
µ , (1)
which are correct for QE scattering on a neutron at
rest. Here ~kµ is the outgoing lepton’s momentum, Eµ
its energy and θµ its angle. The quantity EB denotes
an average binding energy of the neutron inside the nu-
cleus; it is taken to be EB = 0.03 GeV. Furthermore,
∆M2 = M2n −M
2
p . For our analysis we assume GiBUU
to be ’nature’ and generate full events for true energies
distributed according to the MINERνA flux. Although
the true energy and momentum transfer are known for
each event we also reconstruct both of these quantities
using Eq. (1).
The experimental analysis identifies QE scattering by
requiring an outgoing muon in the final state along with
one or more nucleons and no mesons [3]; in the following
discussion these will be called 0-pion events. It is well
known that such events do contain so-called ’stuck-pion’
events in which a pion is first produced but subsequently
absorbed. In [33] we have shown that such events can
lead to errors in the reconstructed energies in addition to
the smearing to be expected from Fermi motion of the
neutrons in the nuclear target. In [14–18] it has been
shown that also 2p-2h excitations have a similar effect.
All these complications are, therefore, also expected to be
present in the results to be shown here. In addition, pion
production and DIS events are expected to play a much
larger role at the energies of the MINERνA experiment
than at the significantly lower energies of MiniBooNE
and T2K.
We start our discussion by showing first in Fig. 1
the event distribution Φ(Eν)σ(Eν) for the 0-pion events,
both as a function of true and of reconstructed energy
(the latter has been obtained from Eq. (1) as in the ex-
perimental analysis). Φ(Eν) is the energy distribution of
incoming neutrinos, normalized to 1, and σ(Eν) is the to-
tal cross section at energyEν for all events with a muon, 0
pions, and any number of nucleons, in the outgoing chan-
nel. It is seen that there is a large difference between the
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FIG. 1. (color online) 0-pion event distribution (flux times
cross section) per neutron for MINERνA vs. true (dashed
green curve) and reconstructed (solid red curve) energy.
true and the reconstructed event distributions. Particu-
larly impressive is the significant strength that the latter
shows for neutrino energies below 1.5 GeV, where no in-
coming true flux exists. This extra strength is removed
from the peak region of the flux distribution where the
effects of the low true energy cutoff at 1.5 GeV propa-
gate up to about 6 GeV. The shift at the peak amounts to
about 400 MeV. It is thus larger than that observed at the
lower energies of the MiniBooNE and T2K experiments
[17] reflecting the presence of more resonance excitations
and DIS at these higher energies. At still higher energies,
above about 6 GeV, the two distributions coincide thus
making the extraction of energy-dependent cross sections
4less dependent on any high-energy cut-off (at 10 GeV in
the experiment and the present calculation). That the re-
construction is so much more sensitive to the low-energy
cutoff than to the one at high energy is due to the flux
distribution: while the flux is already at about 50% of its
maximum at Eν = 1.5 GeV it has fallen to about 3% at
the high-energy cutoff of 10 GeV.
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FIG. 2. (color online) Individual 0-pion event distributions
(flux times cross section) per neutron in the MINERνA flux
vs. true (dashed green curve) and reconstructed (solid red
curve) energy. The primary interaction processes are in-
dicated in the figure: QE denotes the contribution from
quasielastic scattering, ∆ that from excitation of the ∆ reso-
nance, DIS that from deep inelastic scattering and 2p2h that
from 2p-2h interactions.
At the lower energies of the MiniBooNE and T2K ex-
periments the downward shift of reconstructed energies
was mainly due the presence of 2p-2h excitations [14–
18]. Fig. 2 shows the breakdown of the observed shift
in the event rates by the most important primary re-
action channels. It is seen that the reconstruction for
the true QE process (top left in Fig. 2) works very well;
the small discrepancies seen are due to the presence of
a location- and momentum-dependent potential for the
outgoing nucleon. The other three reaction mechanisms
all exhibit a downward shift in the event rates vs. re-
constructed energy. The shifts for 2p-2h, ∆ excitation
and DIS are comparable in magnitude; this is new com-
pared to the case at the lower energies where DIS played
no significant role. Further, smaller contributions (not
shown here) come from pion background production and
excitation of higher nucleon resonances.
B. Q2 Distributions
In [3] the extracted Q2 distribution was compared
with various generator options (increased axial mass and
transverse enhancement in NuWro [34] compared to the
standard result obtained in GENIE [35]). The calcula-
tions used for this comparison were made for a pure QE
event sample thus neglecting any complications in the
reconstruction that might arise from a misidentification
of the QE reaction mechanism. It is therefore interest-
ing to also look at this distribution here. According to
Eq. (1) the Q2 distribution depends on Erecν ; thus any
errors made in the determination of the energy directly
propagate into an error of Q2.
We, therefore, now turn to a discussion of the flux
averaged Q2 distribution
〈dσ/dQ2〉 =
∫
Φ(Eν)
dσ
dQ2
(Eν) dEν . (2)
Here dσ
dQ2
(Eν) is the Q
2-differential cross section at
neutrino energy Eν . The corresponding flux-averaged
〈dσ/dQ2〉 is shown in Fig. 3 both as a function of true
and of reconstructed Q2. Up to Q2 ≈ 0.6 GeV2 the re-
constructed Q2 distribution is higher than the true one;
at the peak at Q2 ≈ 0.1 GeV2 it is about 25% higher than
the true distribution. Also the slope is higher for Q2 val-
ues between about 0.1 and 1.5 GeV2; this is just the Q2
range which played an important role in the analysis of
[3]. In terms of an axial mass extracted from the slope of
dσ/dQ2 the curve vs. reconstructed Q2 corresponds to a
smaller value of MA than the true one.
In Fig. 4 we show a breakdown of the true Q2 distri-
bution into some of the most important primary, initial
interaction process for all events. It is seen that the total
cross section (upper black solid line) is about 3.5 times
larger than the true QE cross section (lower solid dark-
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FIG. 3. (color online) Flux-averaged cross section dσ/dQ2
per neutron as a function of true (dashed, green) and recon-
structed (solid, red) Q2. For both curves only 0-pion events
are considered.
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FIG. 4. (color online) Flux-averaged cross section dσ/dQ2 per
neutron for all events as a function of true Q2. The individual
curves give the cross section for some primary reactions, as
indicated in the figure.
green line). The ∆ contribution is as large as that of
true QE and similar in shape. However, the effect of
the Pauli-principle, which shows up in the suppression
at very small Q2, is less pronounced for the ∆ than for
the true QE contribution. This is due to the fact that a
large part of the ∆ contribution is due to pionless decay
in the nuclear medium ∆ + N → N + N . This process
provides enough energy to kick the final state nucleon
above the Fermi surface. The DIS contribution becomes
dominant for Q2 > 0.2 GeV2 and is overall the largest of
these three components. The 2p-2h component is of mi-
nor importance compared to all these other components.
The figure shows that indeed at MINERνA true QE scat-
tering is not a dominant contribution (about 1/3) of the
total cross section.
As in the experimental analysis we now impose the
condition of 0 pions in the final state. The results are
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FIG. 5. (color online) Flux-averaged cross section dσ/dQ2
per neutron for 0-pion events as a function of true Q2. The
individual curves give the cross section for various primary
reactions, as indicated in the figure. The primary reaction
labels are as in Fig. 2. In addition, N∗ denotes contribu-
tions from higher-lying nucleon resonances and 1pi BG de-
notes those from pion production background events (Born
diagrams). The data are taken from [3].
shown in Fig. 5; for completeness we show here also the
smaller production channels not contained in Fig. 4. The
main effect of this condition is to remove a large part of
the DIS and ∆ cross sections. Now the total is at its peak
only about 1.5 times larger than the true QE contribu-
tion; QE events have effectively been enriched. After the
restriction to 0-pion events, at small Q2 true QE and
∆ contributions dominate. All other contributions, and
in particular the strong DIS contribution, are strongly
suppressed there. That the primary ∆ contribution still
remains reasonably strong below about Q2 = 0.6 GeV2
is due to the pionless decay in medium.
6In Fig. 5 we also show the data points taken from [3].
These data were obtained from the ’raw’ data by sub-
tracting various, substantial background contributions to
the cross section, as obtained from the GENIE genera-
tor; they thus contain some generator dependence. Over-
all, the data are described quite well by the present
GiBUU calculation for the true QE component (solid
green curve in Fig. 5). Possible discrepancies show up
around the peak of the Q2 distribution, i.e. at small
Q2 ≈ 0.075GeV2. This is the region where the errors in
the Q2 reconstruction are largest (see Fig. 3). Also here a
sizeable contribution from ∆ excitation with subsequent
pion reabsorption exists in the 0 pion event sample (see
blue dashed-dotted curve in Fig. 5). It is exactly this ∆
contribution which is the most uncertain one among the
various elementary processes [22] so that the small dis-
crepancy in the dσ/dQ2 distribution could be easily re-
moved by a small change of the overall ∆ strength and/or
a slight change in its form factor.
C. Particle Production
In the following three subsections we now turn to a
discussion of particle production cross sections.
1. Nucleon Knockout
Whereas the discussions in the preceding section dealt
with the breakdown of the observed Q2 distribution into
its various primary interaction contributions we now turn
to a discussion of the same distribution in terms of ob-
servables. In Fig. 6 we show the contributions of various
reaction channels, all with 0 pions, to the observed Q2
distribution. Both the processes with exactly 1 proton in
the final state, and no other hadrons, and the one with 1
proton, X neutrons and no other hadrons, make up about
40% of the total cross section, with very similar shapes.
The channels with a pp or a pn pair are very similar,
quite flat and suppressed and thus of minor importance.
Interesting, however, is the pile-up of strength seen in the
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FIG. 6. (color online) Flux-averaged cross section dσ/dQ2
per neutron for 0-pion events as a function of true Q2. The
individual curves give the cross section for various reaction
channels, as indicated in the figure.
Xn channel at small Q2 ≈ 0.1 GeV2. This is entirely due
to fsi. The outgoing channel with 1 muon, 0 pions, ex-
actly 1 proton and any number of neutrons is made up to
90% by a true primary QE event, as we have verified by
an explicit analysis. Selective observation of this chan-
nel would thus make the energy- and Q2 reconstruction
quite reliable, at the expense of losing about 1/3 of the
QE cross section. This also holds for the LBNE [36].
The kinetic energy spectrum for proton-knockout is
shown in Fig. 7. It is seen that for MINERνA the prob-
ability for a single proton knockout is quite small; the
spectrum for that process is fairly flat. Its cross section
is by far overshadowed by that for an inclusive process,
in which at least one proton and any number of other
hadrons is observed. The spectrum for this semi-inclusive
proton-knockout is peaked at small energies and falls of
steeply with kinetic energy of the proton. This is a con-
sequence of fsi in which the initial particle struck by the
neutrino propagates through the nucleus and ejects more
and more particles; energy conservation then leads to
the predominance of low-energy protons. A closer anal-
ysis shows that the most dominant source of these semi-
inclusive protons is DIS, which amounts to about 1/2
of the total at 200 MeV, to be followed by ∆ excita-
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FIG. 7. (color online) Flux-averaged kinetic energy distri-
bution per nucleon of knock-out protons. The upper dashed
(green) curve gives the semi-inclusive cross section for events
with at least 1 proton and any number of other hadrons with
different charge, the lower solid (red) curve that for exclusive
events with exactly 1 proton and no other hadrons. The up-
per solid (black) curve gives the semi-inclusive cross section
for 0 pion events.
tion amounting to about 1/3 of the total. In both cases
the relevant fsi reaction is that of pionless decay which
knocks out a nucleon. All the other processes such as
2p2h, higher lying nucleon resonances and 1 pion back-
ground events account for the rest. While these results
were obtained for all events, Fig. 7 also shows the semi-
inclusive cross section for knock-out protons for 0 pion
events only (upper black solid curve). One sees that now
even more energy is redistributed from high energies to
lower ones, with the crossing point at about 200 MeV.
The energy carried by the pions in the full event is now to
be found in the many nucleons with energies below about
200 MeV. The spectrum of these final state protons falls
continuously with energy so that it is not possible to give
a threshold energy below which secondary nucleons dom-
inate. It is clearly seen, however, that most of the cross
section for 1p knockout resides at small kinetic energies
2. Pion Production
Pion production presents a major background to
charged current QE processes. Pions can originate in
three elementary reactions: through the ∆ and higher
resonances, through background processes (Born dia-
grams) and through DIS, with the first and the last be-
ing the dominant ones. In Figs. 8 and 9 we show the
pion spectra for exclusive 1-pion production and semi-
inclusive pion production. For both also the spectra at
the end of the initial interaction are shown, without fur-
ther final state interactions. The semi-inclusive cross sec-
tions are larger than the exclusive ones by factors of 2 - 5,
for π+ and π0 production, respectively; this reflects the
fact that the beam energy is high enough for multi-pion
production.
For both charge states the figures show the dramatic
impact of fsi. Whereas the spectra before fsi are broadly
peaked around 0.15 GeV (for π+), after fsi they look
much more pointed with a peak at an energy of about
0.08 GeV. At the peak the cross sections after fsi are
larger than those before; at the same time a dip in the
spectrum develops at around 0.2 GeV. This behavior was
already seen in the early calculations for pion spectra
[37, 38]. It was later on confirmed in calculations for
the MiniBooNE and T2K experiments [22, 23, 39–42].
This dip is a consequence of two competing effects: on
one hand, pion absorption through the ∆ resonance is
most pronounced at Tpi ≈ 0.13 GeV; on the other hand,
high energy pions get slowed down by elastic and inelastic
interactions. Both effects are responsible for the build-
up of the peak in the spectrum at 0.08 GeV that even
exceeds the cross section there before fsi. Figs. 8,9 also
show the pion’s kinetic energy spectra for events that
start as a primary excitation of the ∆ resonance. Even
though their cross section is smaller than that for single-
pion production its shape is very similar. This reflects
the fact that the spectra are more determined by the fsi
than the primary excitation process.
Different from the case at the lower energies is the
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FIG. 8. (color online) Flux-averaged kinetic energy distribu-
tion of pi+. The uppermost solid (red) curve gives the cross
section per nucleon for events with at least 1 pi+ and any num-
ber of other hadrons, the lower dotted (blue) curve that for
events with exactly 1 pi+ and no other hadrons. The other 2
curves give the corresponding results without any final state
interactions. The lowest, dot-dashed magenta curve shows
the contribution to single-pion events from the ∆ resonance
only.
presence of a long, rather significant tail in the spectrum
out to higher pion kinetic energies. This is due to the
initial production of higher energy pions (mainly through
DIS) which cannot cascade down all the way into the
peak region. Furthermore, at the higher energies, above
about 0.5 GeV, the spectra before and after fsi are very
similar. Overall, as a net effect, pion absorption is less
pronounced at the MINERνA energies than it was at
MINIBooNE/T2K. This is mainly a consequence of the
minimum in the π −N cross section at around 0.7 GeV
kinetic energy.
3. Kaon Production
MINERνA has also plans for investigations of
strangeness production [2]. To provide some guidance for
these experiments we show in Figs. 10 and 11 the kinetic
energy spectra of both positively charged K+ and neu-
tral K0 kaons because both have the same strangeness
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FIG. 9. (color online) Flux-averaged kinetic energy distribu-
tion of pi0. The uppermost solid (red) curve gives the cross
section per nucleon for events with at least 1 pi0 and any num-
ber of other hadrons, the lower dotted (blue) curve that for
events with exactly 1 pi0 and no other hadrons. The other 2
curves give the corresponding results without any final state
interactions. The lowest, dot-dashed magenta curve shows
the contribution from single-pion events from the ∆ resonance
only.
content. Both spectra peak at about 0.1 GeV and then
fairly slowly fall off towards higher energies. The cross
sections for exclusive single and semi-inclusiveK produc-
tion hardly differ, in contrast to the situation for pion
production.
Interesting is the comparison between the spectra after
fsi (upper 2 curves) and those before fsi (lower 2 curves).
In striking contrast to the situation for pion production
the fsi now increase the cross section for all kaon energies
by factors of about 1.5 - 1.8, forK+ andK0, respectively.
This increase is due the fact that these kaons can be
created in secondary collisions, such as π +N → K +Λ.
At the same time they have a long mean free path in
nuclear matter because of strangeness conservation.
IV. DISCUSSION AND CONCLUSIONS
Over the last few years a lot of emphasis has been
put on the correct description of QE scattering, includ-
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FIG. 10. (color online) Flux-averaged kinetic energy distribu-
tion of K+s. The uppermost solid (red) curve gives the cross
section per nucleons for events with at least 1 K+ and any
number of other hadrons, the dashed (green) curve that for
events with exactly 1 K+ and no other kaons. The other 2
curves give the corresponding results without any final state
interactions.
ing 2p-2h processes. Significantly less theoretical effort
has been spent on resonance excitations, pion production
and DIS. This is surprising since experimentally these
processes are strong, cannot be distinguished from each
other or from QE scattering and are intimately entangled
with the latter. As a consequence, the extraction of QE
processes (true QE and 2p-2h) requires the use of a gener-
ator and thus introduces uncertainties into the measured
cross sections. At MINERνA, with its higher energy, this
is even more so than at the lower-energy experiments
MiniBooNE and T2K. At higher energies more processes
are active and their strength depends on neutrino en-
ergy. For example, the results shown here make it ex-
tremely difficult to isolate the 2p-2h contributions at the
higher energies of the MINERνA experiment. This pro-
cess disappears in a background from higher resonance
excitations, DIS and pion background processes (see Fig.
5), all with similar final states. The 2p-2h contribution
is generally quite small in the flux-averaged final 0 pion
event sample, compared to true QE and pion production
channels. Thus the sensitivity to details of the treatment
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FIG. 11. (color online) Flux-averaged kinetic energy distri-
bution of K0s. The uppermost solid (red) curve gives the
cross section per nucleons for events with at least 1 K0 and
any number of other kaons, the dashed (green) curve that for
events with exactly 1 K0 and no other kaons. The other 2
curves give the corresponding results without any final state
interactions.
of 2p-2h contributions is smaller than the uncertainties
introduced by the Q2 reconstruction and our insufficient
knowledge of pion production cross sections.
A general problem arises if experimental flux distribu-
tions are being cut in the data analysis. For example, a
low energy cut-off in the MINERνA flux was introduced
in the experimental work of Refs. [3, 4] mainly to take
care of the fact that MINERνA can see no muons be-
low about 1.5 GeV, since it is using the forward MINOS
spectrometer. The comparison of the event rates in Fig.
1 shows, however, that this cut-off introduces a prob-
lem into the analysis. The acceptance limitation is one
in terms of true neutrino energy and, therefore, in the
calculations presented here the incoming neutrino flux
has been cut at the true energy of 1.5 GeV. In the ex-
perimental analysis, however, that energy is not directly
accessible, but must be reconstructed. The only cut an
experimental analysis can introduce is one on the recon-
structed neutrino energy. Even if in Fig. 1 such a cut
at 1.5 GeV reconstructed energy is performed there re-
mains quite a significant difference between the two event
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rates: cutting the flux below the reconstructed energy of
1.5 GeV removes sizeable strength at higher true energies
(see Fig. 1) and distorts the event rate.
The cut-off thus introduces an error due to an imper-
fect energy reconstruction into the data: the data become
model-dependent, the model being here Eq. (1) together
with the restriction to 0-pion events. This is even more
so if in addition other event classes are removed from the
full event sample by means of a generator; in this case the
’data’ are both model- and generator-dependent2. Any
theoretical analysis then runs immediately into inconsis-
tencies since the ’data’ contain effects of one (possibly
less than perfect) model and generator while a ’perfect’
theory may employ another description of the reaction
mechanisms. In such a case it is difficult to see if dif-
ferences between theoretically calculated and experimen-
tally derived observables are due to difficulties of the un-
derlying theory or just to weaknesses in the generators
used in the experimental analysis.
Therefore, the influence of models and generators on
the data should be minimized by as much as possible.
While the reconstruction of the true energy always re-
quires a generator, the extra effects coming from mod-
eling the flux cut-offs should be avoided. In the light of
these considerations the comparison of the extracted QE-
like data with different models, presented in [3], has to
be reconsidered: about 75% of the data points used for
that discussion lie in the region (Q2 < 0.6 GeV2) where
the reconstruction effects are largest (see Fig. 4). Similar
remarks as for QE also apply to data on pion production
that are presently being analyzed at MINERVνA [32].
Also here low- and high-energy cuts have an effect on the
cross sections. Cuts on the flux should thus be avoided;
a superior strategy would be to provide reasonably accu-
2 We distinguish here between a model and a generator. The
’model’ consists of a clean-cut prescription that relies on exper-
imentally observable quantities only. The ’generator’ contains
theoretical input and prescriptions for processes that cannot di-
rectly be accessed experimentally.
rate acceptance filters (in the case of MINERνA) for the
outgoing muon to be implemented in event generators.
The problems just discussed arise because nuclear fsi
make it impossible to uniquely identify QE scattering.
These fsi can also shield the elementary interaction ver-
tices. For MINERνA this is important since this exper-
iment was motivated by the need for better neutrino-
nucleon cross sections. We have shown that knock-
out nucleons are strongly affected by fsi also in the
MINERνA experiment. In [3] a threshold energy of 225
MeV was used to search for evidence for multinucleon
processes. Our results indicate that at this energy and
below there is a strong effect of ’normal’ fsi. The 0 pion
constraint redistributes energy from baryons above to
those below just this energy.
It is well known that pions are strongly absorbed in
nuclei. At the MINERνA energies this is more an effect
on the shape of kinetic energy distributions and not so
much on the total yield. At energies around about 80
MeV due to fsi the pion yield even gets higher than the
cross section without any fsi. Furthermore, the higher-
energy pions above a few hundred MeV kinetic energy
are only weakly affected by fsi. Any new data on pion
production from MINERνA could thus be very helpful in
answering the open questions on the correct elementary
pion production cross section and on the pion fsi. We
note, however, that any cuts on the invariant mass W
for pion production introduce another uncertainty into
the data since W again has to reconstructed by using
the reconstructed energy and Q2. Pion data so obtained
will suffer from the same problems as the event and Q2
distributions discussed earlier.
The effects of fsi are different for kaon production.
At first sight, both K+ and K0 seem to be promis-
ing for an investigation of elementary kaon production
cross sections because these mesons, due to their spe-
cial strangeness content, are expected to suffer only lit-
tle absorption. However, our results show that there is
a strong contribution to the kaon yield from secondary
reactions in the nuclear medium in which mainly pions
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contribute to the kaon yield. These fsi processes increase
the strangeness production cross section for all kaon ki-
netic energies. This strong effect of final state interac-
tions makes it thus very difficult to actually determine
the elementary neutrino-induced kaon production cross
sections when nuclear targets are used.
Both of the results discussed in this paper, the prob-
lems connected with energy and Q2 reconstruction and
the influence of the nuclear medium on the extraction
of elementary meson production cross sections, highlight
the need for a state-of-the-art generator. The descrip-
tion of inclusive cross sections is not sufficient; the all-
important final state interactions must be described with
the same level of sophistication up to the final, asymp-
totic state. The ’precision era’ of neutrino physics also
requires ’precision era’ generators!
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